Abstract. The aim of the present study was to investigate the impact of carbobenzoxy-Leu-Leu-leucinal (MG-132) on myocardial remodeling in rats with myocardial infarction (MI) and investigate the possible underlying mechanisms. The rat model of MI was established, followed by administration of MG-132 (MG group), pyrrolidine dithiocarbamic acid (PDTC group) or normal saline (MI group) for 28 days. The expression of nuclear factor-κB (NF-κB) p65, interleukin 1β (IL-1β) and matrix metalloproteinase 2 (MMP-2), as well as the total volume of collagen and the ratio of type I/III collagen were then detected. Total collagen, including type I and III collagen, and the ratio of type I/III collagen were significantly increased in MI rats compared with those in the sham group (P<0.01), while it was significantly decreased in the PDTC and MG groups compared with that in the MI group (P<0.01). A similar trend was identified for the expression of NF-κB, IL-1β and MMP-2, which was significantly increased in the MI group compared with that in the sham group (P<0.01), while it was significantly decreased in the MG and PDTC groups compared with that in the MI group (P<0.01). In conclusion, MG-132 was demonstrated to improve post-MI tissue remodeling, and the mechanism may be associated with the inhibition of NF-κB activation and the downregulation of inflammatory cytokines, such as IL-1β.
Introduction
The consequences of myocardial infarction (MI) mainly comprise myocardial hypertrophy and myocardial remodeling. The mechanisms of myocardial remodeling following MI are complex, and in recent years, studies have demonstrated that except for mechanical stimulation and neuroendocrine activation, post-MI myocardial remodeling is also associated with the overexpression of inflammatory cytokines. Seropian et al (1) reported that the expression of myocardial interleukin 1β (IL-1β) and tumor necrosis factor α (TNF-α) in rats was still significantly increased at 20 weeks after MI. Shioi et al (2) found that in hypertrophic left ventricles, the expression of myocardial IL-1β mRNA was increased by 3.9-fold of that in normal ones, which was also correlated with the left ventricular mass index. Zarrouk-Mahjoub et al (3) investigated the roles of inflammatory cytokines in myocardial remodeling and identified that after MI, the excessive and persistent presence of cytokines in post-MI myocardial cells gradually induces their morphological changes and activation of matrix metalloproteinase (MMP), thus further inducing the remodeling process.
The nuclear factor-κB (NF-κB) activation pathway exists in cardiac cells, smooth muscle cells and endothelial cells (4) . The transcriptional process of inflammatory cytokines is mainly regulated by NF-κB, which has an important role in the process of myocardial remodeling. Sun et al (5) used the NF-κB inhibitor IMD-0534 to reduce myocardial remodeling and improve cardiac function in MI rats. NF-κB is a transcription factor with the ability to regulate multidirectional gene transcription. It usually forms a dimer with p65/p50 and binds to the inhibitor of NF-κB (I-κB) to thereby form an inactive trimer that then prevails in the cytoplasm (6) . The activation of NF-κB is controlled by ubiquitin-proteasome system, and the specific activation process is as follows: First, the Ser32 and 36 residues of I-κB are phosphorylated by certain protein kinases and then ubiquitinated through combining with ubiquitin; when the above complex is degraded by the 26S proteasome, I-κB and NF-κB then dissociate, and NF-κB enters the nucleus so as to initiate the relevant gene transcription (7) . When cells are stimulated by ischemia and hypoxia, the activity of the proteasome increases, leading to the degradation of I-κB, the dissociation of NF-κB and I-κB, and the penetration of the activated p65 into the nucleus, followed by upregulation of inflammatory cytokines, including TNF-α, IL-6 and IL-1β. Although NF-κB activates inflammatory cytokines at the transcriptional level, these factors also contribute to the activation of NF-κB, thus initiating inflammatory self-amplification (8) .
Studies have indicated that ubiquitin-proteasome inhibitors block the activation of NF-κB, which were therefore recommended as novel anti-inflammatory drugs used in diseases including asthma and rheumatoid arthritis (9). Santos et al (10) reported that the proteasome inhibitor MLN519 inhibits the activation of NF-κB, thus reducing the expression of inflammatory cytokines TNF-α, IL-1β and IL-6 and reducing myocardial ischemia-reperfusion injury. Chen et al (11) obtained similar results with carbobenzoxy-Leu-Leu-leucinal (MG-132). However, to the best of our knowledge, no previous study has reported on the application of proteasome inhibitors toward post-MI myocardial remodeling. Previous studies by our group have demonstrated that MG-132 improves myocardial remodeling in MI rats (12) , but the underlying mechanisms have remained elusive. In the present study, it was hypothesized that MG-132 may have an important role in post-MI myocardial remodeling by inhibiting the activation of NF-κB and downregulating inflammatory cytokines such as IL-1β; furthermore, the process of remodeling was histologically examined.
Materials and methods

Generation of animal model and specimen collection.
A total of 68 Sprague Dawley rats (8 weeks old, male-to-female ratio, 1:1; body weight, 200-250 g) were purchased from the Experimental Animal Center of Chongqing Medical University (Chongqing, China) and used to prepare the MI model. All rats were housed under standard conditions (temperature, 20±1˚C; humidity, 60±10%; 12-h light/dark cycle) and had free access to standard rodent chow and water. The experimental processes strictly abided the requirements of the animal experimental guidelines issued by the International Association for the Study of Pain (13, 14) . The 18 rats in which modeling was successful and who survived for >24 h were randomly divided into the MI group, the MG group and the pyrrolidine dithiocarbamic acid (PDTC) group, with 6 rats in each group. Another 6 rats were set as the sham operation group (SH). The operation procedures in the SH group were identical to those for the MI rats, with the exception that the rats were only threaded but not ligated. The intervention measures in the different groups were as follows: Animals in the MG group were intraperitoneally injected daily with 0.1 mg/kg/day MG-132 (Calbiochem, Shanghai, China) on the second day as described previously (15) until the 28th day; in the PDTC group, animals were intraperitoneally injected with 80 mg/kg/day PDTC (Shanghai Zhen Zhen Biological Science and Technology Co., Ltd., Shanghai, China) on the second day as described previously (16) until the 28th day; in the MI and SH group, animals were intraperitoneally injected the same volume of saline. On day 28, the rats were weighed and then inhaled a lethal concentration of isoflurane (3-5%) in a chamber. The heart was then sampled out before it stopped beating, washed with normal saline and divided into 3 parts along the long axis of the left ventricle. The cardiac base and cardiac apex (non-infarct areas) were frozen in liquid nitrogen at -70˚C for reverse-transcription quantitative polymerase chain reaction (RT-qPCR) and western blot analysis. The middle part was cut into 3-mm pieces, fixed in 4% formaldehyde solution for 24 h, embedded in paraffin and cut into 5-µm slices. This study was performed in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The experimental animal protocol was reviewed and approved by the Institutional Animal Care and Use Committee of Dali University (Dali, China) since the experiment was conducted at Dali University.
Volume fraction of collagens. Five non-overlapping microscopic fields were randomly selected from the non-MI zone of the picrosirius red-stained slices (17) to determine the ratio of collagen (red) vs. the whole area by a biomedical image analysis system (CM2000B, Beijing University of Aeronautics and Astronautics, Beijing, China), and the mean value was used as the total collagen content. Furthermore, the non-MI zone was imaged under a polarized light microscope to calculate the volume fractions of type I collagen (red) and type III collagen (green), as well as to calculate the ratio of type I/III collagen.
Morphological parameters. For each specimen, two hematoxylin and eosin-stained slices were selected to determine various morphometric parameters of cardiomyocytes using the CM-2000B biomedical imaging system (Beijing University of Aeronautics and Astronautics) as described previously (17) . From each slice, five fields of view were selected and a computer was used to calculate the morphometric parameters of cardiomyocytes in the field center, including the myocardial cell area, perimeter and mean diameter.
RT-qPCR.
The total RNA of rat cardiomyocytes was isolated with TRIzol (Thermo Fisher Scientific, Inc., Waltham, MA, USA). The primers were synthesized by Shanghai Biosune Biotech Co., Ltd. (Shanghai, China) and their sequences are listed in Table I . The RT-qPCR reaction system had a volume of 50 µl, and the two-step process was performed according to the kit instructions (FSQ-101; Toyobo, Tokyo, Japan) and reagents listed in Table II . A cycle for 5 min at 94˚C, followed by 31 cycles of 30 sec at 94˚C, 30 sec at 50-56˚C, 45 sec at 72˚C and a final cycle for 5 min at 72˚C.
The relative production of NF-κB p65, IL-1β and MMP-2 was calculated by QuantityOne 4.6 Image Analysis software (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The following thermocycling conditions were used: The integral ratio of the absorbance areas was used to express the DNA content, and the mRNA expression levels were evaluated by the integral ratios of the absorbance areas of the amplified NF-κB p65, IL-1β, MMP-2 and β-actin bands (18) .
Western blot analysis. The total myocardial protein was extracted from the rat myocardium using radioimmunoprecipitation assay buffer, followed by determination of the protein content via the bicinchoninic acid method. The protein (40 µg per lane) was then separated by 10% SDS-PAGE and transferred onto a polyvinylidene fluoride membrane (Thermo Fisher Scientific, Inc.). Following blocking in 5% non-fat milk for 1 h, the membrane was incubated with rabbit anti-mouse NF-κB, IL-1β, MMP-2 and β-actin antibodies (1:750, 1:400, 1:500 and 1:400 dilution; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) at room temperature for 2 h. The membrane was then incubated with secondary antibody (goat anti-rabbit immunoglobulin G, SA00001-2; ProteinTech Group, Inc., Chicago, IL, USA) at room temperature for 1 h, followed by visualization using a chemoluminescent reagent (Jiangsu Biyuntian Biotechnology Research Institute, Jiangsu, China). Images were captured using a gel imaging system (Bio-Rad Laboratories, Inc.), and then scanned and analyzed.
Immunohistochemistry. Sample preparation was performed according to the instructions of the Goat anti-rabbit SP immunohistochemical kit S (P-0023; Shanghai Dingjie Biotechnology Co., Ltd., Shanghai, China) and NF-κB p65 expression was then observed under high-power vision (magnification, x400). Samples were embedded, sliced and dewaxed, then xylene I and II were added for 20 min each at room temperature.
Subsequently, samples were subjected to rehydration in a gradient alcohol series and were washed with PBS three times for 5 min each time. Samples, were submerged in 3% H 2 O 2 20 µl for 5 min to eliminate the activity of endogenous peroxidase and washed with PBS three times for 5 min each time. Samples were incubated with NF-κB p65 rabbit-anti-mouse IgG (sc-8008, dilution 1:100; Santa Cruz Biotechnology, Inc.) and incubated overnight at 4˚C, washed with PBS three times for 5 min each and incubated with secondary antibody labeled with biotin at 37˚C for 15 min. Following this, samples were washed with PBS three times for 5 min and incubated with horseradish peroxidase 37˚C for 15 min, washed with PBS three times for 5 min, incubated with 3,3'-diaminobenzidine for 3-5 min and counterstained with hematoxylin for 3-5 min at room temperature. Sections were observed using a light microscope (magnification, x400).
Semi-quantitative analysis was performed according to the method by Wang et al (4) , with positive staining appearing as brown granules in the myocardial nuclei. The positive index (PI) was then calculated as PI=number of positive cells/total number of cells in the field x100%. Five non-overlapping high-power fields were randomly selected from each slice to calculate the average. The observation of IL-1β and MMP-2 followed the same steps; the antibody concentration was 1:100, and positive staining was defined as brown granules appearing in the myocardial cytoplasm or nuclei. Medical image analysis software Image Pro Plus 6.0 (Media Cybernetics, Inc., Rockville, MD, USA) was used to calculate the integral optical density value.
Statistical analysis. All the data were analyzed using the SPSS12.0 statistical package (SPSS, Inc., Chicago, IL, USA). Values are expressed as the mean ± standard deviation. Comparison between two groups was performed using the Student's t-test. Multigroup comparisons were performed using one-way analysis of variance followed by Student-Newman-Keuls post hoc test. P<0.05 was considered to indicate a statistically significant difference. 
Results
Volume fraction of collagens by sirius red staining. As indicated in Fig. 1 , collagen was deposited differently in the different groups. In the sham group, only a small amount of collagen was deposited in the non-infarct area, while the amount of collagen deposited in the MI group was large. In comparison with that in the MI group, the volume of collagen deposition in the MG group was decreased after treatment with MG-132, and there were significant differences between the PDTC group and the MI group. Compared with the SH group, total collagen, type I collagen, type III collagen and the ratio of I/III collagen in the MI, MG and PDTC groups were significantly increased (P<0.01). This was more notable in the MI group; however, the above indexes in the MG group and the PDTC group were significantly lower compared with those in MI group (P<0.01), suggesting that MG-132 and PDTC improved the collagen remodeling in non-infarcted area after myocardial infarction in rats. In comparison with that in the PDTC group, total collagen, type I collagen and the ratio of I/III were significantly decreased in the MG group (P<0.01). However, there was no significant difference between the MG and PDTC groups with regard to type III collagen.
Morphological parameters. The cell surface area, perimeter and diameter in the non-infraction zone were significantly increased in the MI group compared with those in the SH group, while they were reduced in the PDTC group and further decreased in the MG group compared with those in the MI group. Significant differences were determined between each pair of groups (P<0.01; Fig. 2 ).
Effects of MG-132 and PDTC on NF-κB, IL-1β and MMP-2 after MI.
The mRNA and protein levels of NF-κB, IL-1β and MMP-2 were determined by RT-qPCR (Fig. 3 ) and western blot analysis (Fig. 4) . Furthermore, immunohistochemistry was performed to indicate these effects (Figs. 5 and 6; data not shown for NF-κB). The results indicated that NF-κB, IL-1β and MMP-2 displayed the greatest increase in the MI group compared with that in the SH group, while these increases were significantly blunted by treatment with PDTC or MG-132. Treatment with PDTC caused the greatest decrease in NF-κB and IL-1β and MG-132 caused the greatest decrease in MMP-2. Immunohistochemistry indicated that NF-κB was expressed in the nuclei (data not shown), IL-1β was expressed in the cytoplasm and MMP-2 was expressed in the nuclei as well as the cytoplasm. The results of the semi-quantitative analysis of the immunohistochemical images were in accordance with the western blot results (Fig. 6 ).
Discussion
Post-MI myocardial remodeling is associated with the upregulation of inflammatory cytokines, while intervention with ubiquitin proteasome inhibitors blocks the activation of NF-κB and leads to downregulation of the inflammatory cytokines. It has been reported that short-and long-term treatment with MG-132 significantly attenuated hypertension-induced cardiac remodeling and dysfunction, which may be mediated by the NF-κB/transforming growth factor β1 signaling pathway (16) . The present study investigated the effects of MG-132 on myocardial remodeling in comparison with the MI, SH and PDTC groups. Morphological changes and collagen remodeling of myocardial cells were observed at 28 days after MI, and the mRNA and protein expression of NF-κB, IL-1β and MMP-2 were also determined.
The present study demonstrated that on day 28 after MI, the surface area, perimeter and diameter of non-infarcted cardiomyocytes in the MI group were increased compared with those in the SH group, indicating that myocardial hypertrophy occurred in the non-infarcted zone after MI. The application of MG-132 reduced the surface area, perimeter and diameter of cardiomyocytes, indicating that MG-132 reduced the degree of myocardial hypertrophy in the non-MI zone. Studies using a model of myocardial hypertrophy revealed that the proteasome inhibitors MG-132 and MG-262 reduce the size of hypertrophic cardiomyocytes by 2-fold and reduce the expression of myocardial hypertrophy-associated α-myosin heavy chain, myosin light chain 2 and α-actin (19) . The present study demonstrated that in vivo application of MG-132 inhibited post-MI myocardial remodeling, thus improving post-MI myocardial hypertrophy in the non-MI zone. Post-MI myocardial remodeling includes myocardial parenchymal and interstitial remodeling, while the former appears as myocardial hypertrophy and the latter is mainly caused by myocardial interstitial fibrosis through increased collagen deposition; changes of myocardial collagens are the driving factor of interstitial remodeling. The present study used picrosirius red staining and microscopically observed the deposition of total collagen, type I collagen and type III collagen in the non-MI zone. The results demonstrated that the MI group exhibited a significant increase in collagen deposition as well as the quantified content of total collagen, type I collagen and type III collagen. Furthermore, the ratio of type I/III collagen was also increased, indicating that collagen remodeling occurs after MI. The deposition of total collagen, type I collagen and type I/III collagen in the MG group was significantly decreased compared with that in the MI group, and the ratio of type I vs. III collagen was (20) , who used a rat model of spontaneous hypertensive to demonstrate that MG-132 improves myocardial collagen remodeling in the MI model.
In order to confirm whether MG-132 exerted its effect of improving post-MI myocardial remodeling through inhibiting the activation of NF-κB and downregulating the expression of inflammatory cytokines, the present study detected the expression of NF-κB, IL-1β and MMP-2 in cardiomyocytes at the mRNA and protein level. The immunohistochemical results indicated that NF-κB in the MI group was mainly expressed in the nuclei (data not shown), indicating that NF-κB was continuously activated after MI, consistent with the results of Wang et al (21) . Furthermore, the RT-qPCR results of the present study demonstrated that the mRNA expression of NF-κB was increased after MI, and the protein expression of NF-κB p65 was also confirmed to be increased by western blot analysis. Activation of NF-κB increases the expression of inflammatory cytokines, which then participate in cardiomyocyte hypertrophy and collagen remodeling through a series of signaling pathways. In the present study, the gene and protein levels of IL-1β in the MI group were upregulated, indicating that inflammatory cytokines are upregulated in the process of post-MI myocardial remodeling, consistent with the results of a previous study (19) . IL-1β may initiate the c-Jun-N-terminal kinase/stress activated protein kinase pathway and activate mitogen-activated protein kinase signaling, thus leading to myocardial hypertrophy (20) . IL-1β also inhibits collagen synthesis by myocardial fibroblasts, increases the activity of MMPs and promotes interstitial collagen remodeling (20) . After application of MG-132, NF-κB and its downstream inflammatory cytokines (such as IL-1β) were decreased, and the trend in the expression of IL-1β was consistent with that of NF-κB, thus further confirming that MG-132 inhibited the activation of NF-κB and decreased the expression of inflammatory cytokines. In parallel with the decrease in IL-1β, myocardial hypertrophy in the non-MI zone was improved, consistent with the results of previous studies (17) . The present study also demonstrated that after MG-132 was applied, the expression of MMP-2 reduced in parallel with the decrease of NF-κB, IL-1β and the deposition of total collagen, type I collagen and type I/III collagen in the non-MI zone was significantly reduced, indicating that this pathway improves collagen remodeling in the non-MI zone. While previous studies reported that MG-132 attenuated myocardial hypertrophy and collagen remodeling by decreasing the expression of IL-1β, no direct evidence regarding inhibition of NF-κB was ever provided (4, 11) . In the present study, by measuring the gene and protein expression of NF-κB and its downstream products IL-1β and MMP-2 and analyzing their association with myocardial remodeling in the non-MI zone, it was confirmed that the mechanisms by which MG-132 inhibited post-MI myocardial remodeling included the reduction of NF-κB activation and the downregulation of inflammatory factors. MG-132 may inhibit NF-κB through blocking the activity of the 20 s proteasome (21, 22) , so that the degradation of I-κB is reduced, the combination of NF-κB with I-κB is increased, and the nuclear translocation of NF-κB is blocked to thereby inhibit the activation of NF-κB.
The effects of MG-132 in improving post-MI myocardial remodeling may proceed via additional mechanisms. The present study compared MG-132 with PDTC, a specific inhibitor of NF-κB. The results indicated that the expression of NF-κB, IL-1β and MMP-2 in the PDTC group were decreased at the mRNA and protein level, and morphological parameters including the cell surface area, perimeter, diameter, and collagen deposition were improved, which further confirmed that inhibiting the activation of NF-κB improves post-MI myocardial remodeling. However, the comparison between MG-132 and PDTC revealed that although PDTC exhibited stronger effects in inhibiting the activation of NF-κB and downregulating IL-1 than MG-132, its effects in myocardial morphological changes, improving collagen deposition and downregulating MMP-2 were less pronounced than those of MG-132. This difference may be due to the dosage of MG-132 and PDTC, which requires further study. However, in addition to inhibiting the activation of NF-κB and downregulating the expression of inflammatory proteins, MG-132 may have further mechanisms of action, including dopaminergic neurons (23), nuclear factor erythroid 2-related factor 2 (24) and it also could induce apoptosis (25) . Since MG-132 has not been introduced for clinical use, additional experiments and clinical research are needed in the future.
